The reaction kinetics for the formation of CuInSe 2 thin films from a stacked bilayer precursor consisting of InSe and CuSe was studied by means of in situ high-temperature x-ray diffraction. In particular, the isothermal phase evolution of the glass/InSe/CuSe precursor was observed at different temperatures. The pathway produces a CuInSe 2 diffusion barrier layer that also functions as a nucleation barrier. Hence, amorphous and crystalline phases simultaneously grow during isothermal processing. The shape of the time-resolved fractional reaction curve exhibits a deceleratory behavior, consistent with the presence of a diffusion-controlled reaction mechanism. Analyses based on Avrami and parabolic-rate laws were conducted. The Avrami exponent for each isothermal reaction is in the range 0.5-0.8, which indicates that the growth reaction is dominantly one-dimensional diffusion controlled. The estimated apparent activation energy for this reaction is 66.0 kJ/mol. The results based on the parabolic rate model are consistent with the Avrami analysis, yielding a similar apparent activation energy value, and thus supporting the conclusion that the process is one-dimensional diffusion controlled.
I. INTRODUCTION
Compound semiconductors based on CuInSe 2 are increasingly gaining acceptance as absorber-layer materials for thin film solar cells. While there have been several studies on the mechanism for synthesizing CuInSe 2 absorber films, 1-4 the detailed reaction pathways are not fully understood, partly due to the complex phase evolution and defect chemistry present in the material system. Various binary and ternary phases can be simultaneously present in a Cu-In-Se ternary system, [3] [4] [5] and furthermore, phase transformations can occur during synthesis. Given that important transformations occur during the absorber formation process, ex situ studies can fail to reveal key aspects of the reaction kinetics of CuInSe 2 formation. A more promising approach is to conduct an in situ study of the phenomena using time-resolved, hightemperature x-ray diffraction ͑XRD͒ analysis. This technique infers kinetic information from changes observed in the XRD data as a function of time as the film is heated. Careful analysis of in situ XRD data with an advanced software JADE 6 permits quantitative investigation of the reaction kinetics.
The process followed to generate a CuInSe 2 film consists of first depositing a stack of two binary films that is a precursor of the absorber material CuInSe 2 . Examples of stacked binary films are glass/InSe/CuSe ͑i.e., CuSe film grown over an InSe film that was grown on a substrate͒, glass/InSe/Cu:Se ͑i.e., an elemental mixture of copper and selenium deposited over an InSe film͒, and glass/CuSe/In:Se. In all cases, the bottom binary films were grown over a thin ͑0.4 mm͒ sodium-free glass substrate. The films were deposited in a modified molecular beam epitaxy ͑MBE͒ reactor, and the total thickness of the stack was approximately 800 nm. The precursor stack is then heated to initiate a reaction leading to the formation of CuInSe 2 film, and the evolution of the reacting system is observed via in situ hightemperature XRD.
The results of an in situ isothermal time-resolved x-ray diffraction study of CuInSe 2 film growth from the binary precursor stack glass/InSe/CuSe are reported in this article. Quantitative analyses were performed to estimate the reaction order and the apparent activation energy, as well as to elucidate mechanistic details of the film growth pattern.
II. EXPERIMENTS

A. Preparation of precursor films
The deposition method used to grow the precursor films is called migration enhanced epitaxy ͑MEE͒, a variant of the classical molecular beam epitaxy ͑MBE͒ approach. As in MBE, an ultrahigh vacuum environment and effusion cells are employed to generate molecular beam fluxes of elemental sources. In MEE, however, the substrate is sequentially exposed to each source through revolution of a platen containing the substrate, rather than a simultaneous coa͒ Author to whom correspondence should be addressed; electronic mail: crisalle@che.ufl.edu deposition from all the sources. The sequence of deposition for each rotation is as follows: first the Cu source is encountered, followed by the In source, and then by the Se source. Another important difference is that the rotating platen of the MEE system passes each substrate through a flux-free zone, namely a relaxation zone that enhances the potential for adsorbed atoms to migrate seeking the more energetically favored configurations. The direction of rotation can be either clockwise or counterclockwise, so that the sequence of deposition may be reversed. It is also noted that the MEE reactor is capable of accommodating multiple substrates ͑up to nine͒ positioned on a large rotating platen. The base pressure of the system can be maintained as low as 8 ϫ 10 −9 Torr, and the pressure during deposition is in the range of 10 −7 -10 −8 Torr depending on the operation conditions. Further details of the deposition technique and experimental apparatus are given elsewhere. 7 For the glass/InSe/CuSe bilayer structure, an indium selenide layer was first grown onto a thin ͑ϳ0.4 mm͒ sodiumfree glass substrate in the MEE system with a substrate temperature of approximately 250°C. During the deposition of InSe, the shutter of the Cu source remained closed to protect the growth from possible Cu contamination. The films were made to have a slightly selenium-rich composition ͓͑In͔/͓Se͔ ϳ0.95͒. Next, a copper selenide layer was deposited on the as-grown InSe layer at a lower temperature ͑ϳ150°C͒ to minimize potential reactions between the InSe and CuSe layers. The final stacked binary structure is depicted in Fig. 1͑a͒ . The room temperature XRD data on as-deposited precursors shown in Fig. 1 demonstrate that the InSe phase is amorphous, and that the CuSe phase is polycrystalline. The crosssectional scanning electron microscope ͑SEM͒ image in Fig.  2 also shows that no grain structure is observed in the InSe layer, whereas the top CuSe layer has a large-grain structure ͑Ͼ0.2 m͒. The composition of the films was measured using inductively coupled plasma technique.
B. Time-resolved high-temperature x-ray diffraction
Time-resolved, high-temperature x-ray diffraction data were collected while the precursor glass/InSe/CuSe bilayers were isothermally reacted in stagnant air. The experimental set point temperature was in the range 220-270°C. Initially, the samples were mounted on a platinum strip heater, and XRD data were collected at a room temperature. Then the samples were heated at a rate of 120°C /min until the temperature reached a value 20 or 30°C below the desired target temperature. The temperature was allowed to stabilize, and then the system was again heated at 120°C /min until the target temperature was reached. XRD data were collected for a period of time, typically 1 h, at the target temperature. All substrates were then subjected to a final isothermal temperature treatment at 340°C for 30 min to ensure the completion of all reactions ͑i.e., accomplish a total conversion of the reactants into the final product phase͒. XRD data were also collected during this last isothermal treatment. In a number of preliminary experiments, XRD scans were taken during The high-temperature x-ray diffractometer used in this study consisted of a Scintag PAD X vertical / goniometer, a Buehler HDK 2.3 furnace, and an mBraun linear position sensitive detector ͑LPSD͒. The LPSD was centered at 28°2 and covered a 10°range ͑i.e., from 23 to 33°͒. In contrast to conventional x-ray point scanning detectors that perform the scanning step by step from lower to higher angles, the LPSD collects the XRD data simultaneously over the 10°window, dramatically shortening the data collection time. This permits in situ time-resolved studies of phase transformations, crystallization, and grain growth. The collection time for the 10°2 window was set to be either 19.5 or 34.5 s, depending on the temperature range. Figure 3 displays the time-resolved XRD data collected for a sample reacted isothermally at 218°C. To obtain the fractional reaction ͑␣͒, the areas for the CuSe ͑006͒ peak and the CuInSe 2 ͑112͒ peak were estimated from the diffraction data using the JADE software. 6 The values were normalized assuming that the reactants are completely transformed to crystalline CuInSe 2 after each run, and that the texture of the CuInSe 2 does not appreciably change through the entire heating process. Nonisothermal heating was used to investigate the phase evolution of the samples, as follows. The glass/InSe/CuSe samples were heated to several target temperatures. The samples were held at isothermal conditions for 15 min, and sequential longer-range ͑20-55°2͒ high-temperature x-ray diffraction scans were collected every 85 s. After 15 min, the temperature was raised to the next target value, and the process was repeated. The longer-range high-temperature x-ray diffraction scans were used to trace all the intermediate phases and their transformations, and they were realized by combining high-temperature x-ray diffraction data from four discrete LPSD positions.
C. Temperature calibration
Since the thermocouple used to measure the temperature was welded to the bottom of the strip heater, a temperature calibration procedure was required to estimate the actual film temperature. Accurate measurement of the thin film temperature was achieved by calibrating to the known thermal expansion of silver, chosen for its high thermal expansion coefficient ͑19.5ϫ 10 −6 /K͒. 8 The position of the silver ͑331͒ peak was measured from room temperature to 440°C ͑ther-mocouple reading͒ and used to calculate the lattice parameter L͑T͒ from the expression
where h =3, k = 3, and l = 1, and d hkl is the spacing between atomic planes inferred from peak position. The thermal expansion ratio was taken from the correlation reported by Touloukian et al. 52-59°C, and this difference is largely attributed to the low thermal conductivity of the glass substrate. The calibration experiments were replicated, and the results were reproducible within Ϯ2°C.
III. RESULTS AND DISCUSSION
According to the room temperature XRD analysis, the top CuSe layer is a homogeneous crystalline phase with an atomic ratio 1:1, and the bottom InSe layer is either an amorphous or a nanocrystalline phase with an atomic ratio 1:1.05. The expected interfacial reaction is CuSe + InSe → CuInSe 2 . ͑4͒
Time-resolved high-temperature x-ray diffraction scans showed that the transformations produce a crystalline CuInSe 2 phase product, as expected from reaction ͑4͒, and that there is no evidence of other intermediate phases.
It is well known that in multilayer thin film systems, the product layer grown at the initial interface of the reactants acts as a nucleation barrier as well as a diffusion barrier. The nucleation barrier often forces a metastable amorphous phase to form prior to any crystalline phase. 10, 11 Amorphous and crystalline phases may grow simultaneously during subsequent reaction. 12 Additional heating may cause a further transformation of the amorphous phase to a crystalline one and may also induce additional nucleation reactions.
Analysis on the time dependent XRD peaks shows that both the product phase ͑CuInSe 2 ͒ formation and crystalline reactant-phase ͑CuSe͒ consumption follow the same deceleratory reaction trend ͑Figs. 4 and 5͒, which can be attributed to diffusion-controlled reaction kinetics. Figure 6 demonstrates that the sum of the mole fractions of the CuSe reactant and of the product quickly falls below unity during the early stage of the isothermal reacting process, because the rate of the CuSe consumption is faster than that of the CuInSe 2 formation. This implies that there is an intermediate phase present before the final product is fully formed. As the long-range, high-temperature x-ray diffraction scans showed no evidence of intermediate crystalline phases, the hidden intermediate phase is most likely amorphous CuInSe 2 . Under this perspective, during the initial stage of the heating process the sum of the mole fractions falls significantly below unity, an effect that can be explained by the formation of an amorphous CuInSe 2 phase, which is initially prevented from evolving into a crystalline phase due to the nucleation-barrier effect. As the heating energy progressively overcomes the nucleation barrier, the CuInSe 2 material also progressively crystallizes, and the sum of mole fractions rises towards unity. The combined amorphous and crystalline CuInSe 2 interfacial layer also acts as a diffusion barrier, opposing the one-dimensional diffusion of the reactants shown on the lefthand side of reaction ͑4͒. In summary, the InSe!CuInSe 2 !CuSe structure introduces both a nucleation and a diffusion barrier. As the isothermal reaction continues, the sum of the mole fractions rapidly increases towards unity ͑Fig. 6͒. This indicates that the amorphous phase fully transforms into a crystalline phase. The XRD data of Fig. 6 show that for all cases the amorphous phase is completely consumed during the final heating step at 340°C. Further study, perhaps including detailed microscopic analysis, will be needed to better understand the initial stage of the growth mechanism.
The analysis proposed above is consistent with the prevailing suggestions on the growth mechanism documented in the literature. It has been claimed that during the initial steps of solid-solid reaction, the formation of product is rapidly accomplished on the attainment of reaction temperature. 13 The initial nucleation reactions at the original interface of the bilayer structure may occur even before the temperature reaches the target values likely via a fast two-dimensional growth mode, rapidly evolving to impingement. This gives rise to a nucleation barrier that would dramatically reduce the nucleation rate, so that the nucleation reaction is expected to be rapidly deceleratory.
The growth of the CuInSe 2 phase is governed by the planar nature of the precursor film structure. During the early stage of the reaction, heterogeneous nucleation and fast saturation are expected to occur at the original interface. The in-plane material transport is likely to be sustained by rapid interface diffusion, so that at the initial instants the growth at the original interface plane may not be limited by diffusion. The nucleated CuInSe 2 phase grows and coalesces into a continuous layer. After this initial transient stage, the product layer thickens by a diffusion-limited process that is likely one dimensional and perpendicular to the original interface. 10, 12 The subsequent growth of the product phase, the main reaction stage, is now controlled by the diffusion of one or more species through the product layer.
The kinetics of the growth reactions in terms of activation energy and reaction order has been investigated using two solid-state reaction models, namely, the Avrami and parabolic rate models. Avrami analysis is a widely used method for the preliminary identification of the growth rate law. It has been shown that the method yields satisfactory fits to relevant experimental data. 13 The transformation kinetics under isothermal reaction is described by
or equivalently, by
where ␣ is the mole fraction of the product phase, k is the kinetic rate constant, and n is the Avrami exponent. This analysis has been advocated by Hulbert, 14 who showed that the Avrami exponent can vary between 0.5 and 1.5 in the case of one-dimensional diffusion-controlled reactions. The value of n is close to 0.5 if the nucleation is instantaneous, and close to 1.5 if the nucleation rate is constant throughout the reaction. It is well known that thickening of thin planar structures after complete edge impingement is realized through one-dimensional growth mode. Table I . The table shows that the value of the Avrami exponent is between 0.5 and 0.8, and that it consistently increases with temperature. This indicates that the growth mechanism is through one-dimensional thickening of the product layer, and that it is also diffusion controlled. The increase of the n value with temperature is believed to be caused by the enhancement of the nucleation processes with temperature. Higher temperature conditions can overcome the nucleation barrier, so that the nucleation rate during the subsequent growth of the product phase increases with temperature. The temperature effect on the Avrami exponent has been previously reported via simulation studies. 16 The Avrami parameters and the Arrhenius equation
were used to estimate the apparent activation energy E a for the CuInSe 2 formation reaction from the bilayer precursor films. The Arrhenius plot shown in Fig. 8 yields an estimated value of E a = 66.0 kJ/ mol. A second study was performed based on a diffusioncontrolled rate law. The simple parabolic kinetic model
describes well a process where the interface area is constant and the diminution of reaction rate is a consequence of increasing thickness of the diffusion barrier. This rate expression has been shown to be obeyed by a one-dimensional diffusion process, such as oxidation of metals, where the reactant is in the form of a thin sheet. Figure 9 shows the plot of ln ␣ vs ln t for the same XRD data used in the Avrami analysis. The slope of each curve and the resulting kinetic rate constants extracted from the slopes of the plot are summarized in Table I equal to 0.5 for all the runs throughout most of the reaction period, which strongly indicates that the reaction is onedimensional diffusion controlled. This result is consistent with the conclusions reached from the Avrami analysis. The Arrhenius equation and the parabolic law parameters were used to produce another estimate of the apparent activation energy using Eq. ͑7͒. The result yielded the apparent activation energy E a = 65.2 kJ/ mol ͑Fig. 10͒, which is consistent with the value E a = 66.0 kJ/ mol obtained from the Avrami analysis. Hence, the results from two different analyses are consistent and lead to an identical conclusion, namely that the reaction is one-dimensional diffusion controlled.
IV. CONCLUSIONS
Time-resolved, high-temperature x-ray diffraction analysis has been successfully employed to conduct quantitative analyses of the reaction kinetics of the CuInSe 2 phase formation from bilayer glass/InSe/CuSe precursor films. Transformation from the precursor films into the final phase was clearly observed by in situ x-ray diffraction scanning during isothermal heating. The data analysis based on the Avrami and the parabolic rate law models supports the conclusion that the reaction mode is one-dimensional diffusion controlled. The estimated apparent activation energies from these analyses are 66.0 and 65.2 kJ/mol, respectively.
Careful analysis of XRD data showed that there was a noncrystalline intermediate phase, most likely amorphous CuInSe 2 , during the initial stage of the isothermal heating process. The combined amorphous and crystalline CuInSe 2 interfacial layer functions as a diffusion barrier as well as a nucleation barrier.
